When sustained firing of a neuron is similar in different types of motor programs, its role in the generation of these programs is often similar. We investigated whether this is also the case for neurons involved in phase transition. In the Aplysia feeding central pattern generator (CPG), identified interneuron B64 starts firing at the transition between the protraction and the retraction phases of all types of motor programs, and its firing is sustained during the retraction phase. It was thought that B64 functions as a protraction terminator as it provides strong inhibitory input to protraction interneurons and motoneurons. Furthermore, premature activation of B64 can lead to premature termination of the protraction phase. Indeed, as we show here, B64 can terminate the protraction phase regardless of the type of motor program. However, B64 actually only functions as a protraction terminator in ingestive-like but not in egestive-like programs. This differential role of B64 results from a differential timing of the initiation of B64 spiking in the two types of programs. In turn, this differential timing of the initiation of B64 firing is determined by the internal state of the CPG. Thus, this study indicates the importance of the timing of initiation of firing in determining the functional role of a neuron and demonstrates that this role depends on the activity-dependent state of the network.
Introduction
Depending on the inputs or internal states, many motor networks or central pattern generators (CPGs) produce different types of motor programs (Getting, 1989; Marder and Calabrese, 1996; Nusbaum and Beenhakker, 2002; Grillner, 2006) . Distinct programs can be generated by altering the activity of a subset of CPG elements whose sustained firing is either differentially recruited into or switched between specific phases in different motor programs (Flamm and Harris-Warrick, 1986; Nusbaum and Marder, 1989; Berkowitz and Stein, 1994; Combes et al., 1999; Weiss, 2002, 2005; Pena et al., 2004) . However, to function differently, principal CPG neurons need not show a major change of phasing of sustained firing (Saideman et al., 2006; Thirumalai et al., 2006) . Of particular interests are phase-transition neurons, i.e., neurons that terminate one phase of the program and initiate the next phase. Conceivably, the same neuron within this group of neurons could function as a phase terminator when its activity began before, but not after, phase transition occurred. Such a possibility is difficult to test, especially in vertebrate networks, in which a large number of neurons may be active at the time when phase transitions occur. Here, we exploited the experimentally advantageous features of the Aplysia feeding network to determine whether the timing of initiation of firing of an identified phase-transition neuron may differ when the network is activated by different stimuli or is in a different activity-dependent state, and whether this difference in timing may alter the functional role that this neuron plays in generating motor programs.
Specifically, we investigate how network states and the timing of the initiation of firing may influence the function of interneuron B64 during the transition from the protraction to the retraction phase in ingestive and egestive feeding motor programs. Because the bulk of sustained firing of B64 occurs during the retraction phase in all types of motor programs and B64 firing can terminate the protraction phase, the timing of the onset of B64 firing could determine whether B64 acts, or does not act, as a protraction terminator in different programs. Using a series of experimental manipulations, we find that B64 actually acts as a protraction-phase terminator in ingestive-like but not in egestive-like programs. Notably, in ingestive programs, B64 fires before protraction termination, whereas in egestive programs, B64 fires after protraction termination. Furthermore, the timing of the onset of B64 firing depends on the activity-dependent state of the CPG rather than the input used to elicit the response. When peripheral structures are present, sensory afferents have been shown to influence motor patterns by initiating phase transition (Pearson, 1995; Rossignol et al., 2006) , presumably by influencing the spike timing of relevant CPG elements. However, the effects of activity-dependent network states on the timing of activation of phase-transition CPG elements have not yet been demonstrated. Thus, our study extends the range of statedependent actions that are used to influence the output of the feeding CPG and indicates the importance of spike-timing processes in determining the functional role that individual neurons play in different programs.
Materials and Methods
Experiments were performed on Aplysia californica obtained from Marinus (Long Beach, CA). Aplysia were maintained in holding tanks circulating artificial seawater (ASW) made from Instant Ocean (Aquarium Systems, Mentor, OH) at 14 -15°C. Animals weighing 100 -250 g were anesthetized by injection of isotonic MgCl 2 solution (50% of body weight) into the body cavity. The cerebral ganglia and buccal ganglia were dissected out with the cerebral-to-buccal connectives intact. The ganglia were pinned to a silicone elastomer (Sylgard; Dow Corning, Midland, MI) that bottom lined a dish filled with a dissection solution consisting of 50% ASW (in mM: 460 NaCl, 10 KCl, 55 MgCl 2 , 11 CaCl 2 , and 10 HEPES buffer, pH 7.6) and 50% isotonic MgCl 2 solution at room temperature. Cerebral ganglia were pinned ventral surface up, and buccal ganglia were pinned rostral surface up. The connective tissue sheath that covers the neurons was surgically removed from both ganglia from which the recordings were to be made, and the dissection solution was then replaced with 100% ASW. The ganglia were then transferred to the recording chamber containing ϳ1.5 ml of ASW. During all experiments, the ganglia were maintained at 14 -16°C and continuously perfused with ASW at the rate of ϳ0.3 ml/min using a peristaltic pump. Excess solution was removed by vacuum suction. All chemicals were purchased from Sigma (St. Louis, MO).
Intracellular recordings were performed using single-barreled microelectrodes filled with 2 M potassium acetate and beveled to a resistance of 5-8 M⍀, using either an Axoclamp 2A (Molecular Devices, Sunnyvale, CA) or Getting 5A amplifier. Extracellular recordings were made by suctioning buccal nerves (BNs) into suction electrodes manufactured from polyethylene tubing and connected to a differential alternating current amplifier model 1700 (A-M Systems, Carlsborg, WA). Data were acquired at 5 kHz with the Digidata 1322A data acquisition system (Molecular Devices) and recorded on a Dell personal computer (Dell Computer Company, Round Rock, TX). Digitized recordings were acquired and analyzed using Axoscope version 9 and Clampfit version 9 (Molecular Devices). A hard copy of electrophysiological recordings was obtained using a chart recorder (MT9500; Astro-Med, West Warwick, RI).
Stimulation paradigms. Neurons were identified based on location, size, and electrophysiological and morphological characteristics as described previously . Action potentials in the cerebrobuccal interneuron 2 (CBI-2) were elicited by injecting short direct current (DC) pulses generated by a model S48 stimulator (Grass Instruments, Quincy, MA). To prevent activation of CBI-3 via electrical coupling, we did not use a concurrent DC depolarization of CBI-2 (Morgan et al., 2002) . Motor programs were elicited by a 9 -10 Hz stimulation of CBI-2. Each current pulse of 10 -20 ms in duration was set to trigger one action potential. Interstimulation intervals of different durations were used: the short, 30 s interstimulation interval (30-s-ISI) and the long, 120 s interstimulation interval (120-s-ISI). In both paradigms, CBI-2 was stimulated for the duration of the protraction phase, i.e., we terminated the stimulation of CBI-2 once the protraction phase ended and the retraction phase initiated. Thus, the duration of CBI-2 stimulation was determined by the duration of the protraction phase rather than the duration of the protraction phase being determined by the duration of CBI-2 stimulation. In the 30-s-ISI paradigm, CBI-2 was not stimulated for a 30 s time period that followed the end of protraction and then resumed to trigger the next program. In the 120-s-ISI paradigm, a 120 s CBI-2 interstimulation interval was used.
To elicit individual cycles of egestive programs, unless otherwise indicated, the esophageal nerve (EN) was stimulated every 60 s with 5 Hz, 3 ms trains of current pulses for 5 s. In biasing experiments (see Fig. 11 ), EN was stimulated continuously at 2-3 Hz with 3 ms current pulses, the amplitude of which was adjusted to elicit 8 -10 motor programs within a 5 min stimulation period. The S48 stimulator was used to generate current pulses that were injected into the extracellular polyethylene suction electrode into which the EN had been aspirated.
B64 spike timing and motor program classification. The feeding CPG generates several types of motor programs. The major components of these programs are the ones that generate the protraction/retraction and the opening/closing movements of the radula. Independent of the type of output that the CPG generates, the protraction/retraction components occur in a fixed sequence in which the protraction phase precedes the retraction phase (Fig. 1 A) . The protraction phase is initiated when protraction-phase interneuron B63 (Fig. 1 B) begins to fire (Hurwitz et al., 1997 (Hurwitz et al., , 2003 Dembrow et al., 2004) . B63 drives protraction neurons, including motoneurons B31/32 and B61/62 (Hurwitz et al., , 2000 , and elicits fast IPSPs in the retraction-phase interneuron B64. Neuron B64 fires during retraction and inhibits interneuron B63 and a number of protraction motoneurons, e.g., B31/32 and B61/62. Because neurons B63 and B64 are on opposite sides of the buccal ganglia, the protraction phase ( Fig. 1 A, open bar) was monitored by the activity of the I2 nerve, which contains axons of protraction motoneurons B31/32 and B61/62 that are inhibited by B64. The retraction phase was monitored ( Fig. 1 A, filled bar) by activity in BN2 after the termination of Figure 1 . Classification of feeding motor programs and B64 activity in different types of programs. A, Examples of three types of motor programs elicited by CBI-2 stimulation: ingestive, egestive, and intermediate. Protraction (open bar) was monitored by activity in the I2 nerve. Retraction (filled bar) was monitored by activity in BN2 after protraction. B64 displayed robust activity throughout the retraction phase in all three types of motor programs and therefore has been used as a monitor for retraction in previous studies. In the ingestive program (A1), the radula closer motoneuron B8 fired predominantly during the retraction phase; in the egestive program (A2), B8 fired vigorously during the protraction phase; in the intermediate program (A3), B8 was active during both protraction and retraction. B, Schematic diagrams of the core circuit (protraction-retraction) mediating feeding motor programs. B63 interneuron is active during protraction in all types of motor programs, inhibits the B64 interneuron, and drives activity in protraction motoneurons (PM) B31/32 and B61/62, which in turn innervate protraction muscles (Protr. muscles). B64 is active during retraction, inhibits protraction interneuron B63 and protraction motoneurons, and provides excitation to retraction motoneurons (RM), which in turn innervate retraction muscles (Retr. muscles). Phase transition from protraction to retraction is mediated, at least in part, by slow excitation of B64 by B63, which, with a delay, overcomes fast inhibition and eventually triggers B64 spiking that in turn inhibits protraction interneurons and motoneurons to terminate protraction and initiate retraction. Connections: open triangle, excitation; filled circle, inhibition; s, slow synaptic connections; arrows, excitatory pathways that may include both chemical and electrical connections; broken line, polysynaptic connection. C, Plot of B8 activity during protraction versus during retraction illustrating cluster boundaries for ingestive and egestive motor programs. Intermediate programs are motor programs that are between clusters for ingestive and egestive programs.
protraction (Morton and Chiel, 1993) and/or by the sustained depolarization/firing of the plateau-generating interneuron B64 Hurwitz et al., 2005; Koh and Weiss, 2007) .
Consistent with other studies in the field Nargeot et al., 1997) , we operationally defined the time at which the protraction phase ended as the time at which the last spike was recorded in the I2 nerve. Because activity of the bilateral B64s is typically not completely synchronous, we monitored activity of both B64s. Data analysis of B64 firing always refers to the B64 neuron that was the first one to fire an action potential. B64 latency was defined by the timing of the last spike in the I2 nerve relative to the first action potential observed in either of the two B64s. Therefore, B64 latency is referred to as positive when the first B64 action potential follows the last spike in the I2 nerve and negative when the first B64 action potential precedes the last spike in the I2 nerve. In all of the experiments that were performed to test the effects of B64 hyperpolarization on protraction duration, B64s were hyperpolarized bilaterally. The ipsilaterality and contralaterality for B64 was defined with respect to the side on which CBI-2 or EN were stimulated. For instance, if the left CBI-2 or EN was stimulated, the left B64 was defined as the ipsilateral and the right B64 as the contralateral. Notice that in terms of the activity of the I2 nerve, which was used as the protraction monitor, there is no issue of laterality as the I2 nerve emerges as a single nerve. We recorded from the I2 nerve before it reached the I2 muscle in which the branching occurs. Thus, in effect, the recordings from the I2 nerve are bilateral.
In contrast to the phase-fixed characteristics of the protraction/retraction sequence in each cycle of a motor program, the timing of activity of the radula closing depends on the type of program being generated. In free-feeding animals (Morton and Chiel, 1993; Jing et al., 2007) when the radula closure motoneuron B8 fires predominantly during retraction and thus helps bring the food into the buccal cavity, the program is considered to be ingestive. When B8 fires predominantly during protraction, and thus helps in removing a nonedible object from the buccal cavity, the program is considered to be egestive. When B8 firing is similar during protraction and retraction and therefore cannot support either ingestion or egestion, the program is considered intermediate. Based on the recordings obtained in intact feeding animals that showed how patterns of firing of radula closure motoneuron B8 differ in various behaviors, Morgan et al. (2002) defined the criteria for classifying different types of fictive motor programs that are generated by the feeding CPG in the isolated nervous system. Examples of the three types of motor programs are shown in Figure 1 A. Figure 1 A1 is an example of an ingestive program in which B8 fires predominantly during retraction. Figure 1 A2 is an example of an egestive program in which B8 fires predominantly during protraction. Figure 1 A3 is an example of an intermediate program in which B8 firing is similar during both protraction and retraction. For the purposes of this study, we used the previous classification scheme (Morgan et al., 2002) to operationally assign specific motor programs to the ingestive, egestive, and intermediate categories. The boundaries of the ingestive and egestive clusters as defined previously (Morgan et al., 2002) are shown in Figure 1C . The intermediate programs are those that are outside the boundaries that define the ingestive and egestive programs.
Data analysis. Two-group statistical comparisons were performed using t test statistics. Data with more than two groups were first analyzed using one-way ANOVA and thus determine the significance of the overall differences among these groups. Subsequent comparisons between pairs of groups were made using t tests with Bonferroni's corrections. The significance level was set at p Ͻ 0.05. All statistical tests were performed using GraphPad (San Diego, CA) Prism 4.0.
Results

B64 hyperpolarization in ingestive versus egestive programs
To characterize the contribution that B64 makes to the termination of the protraction phase in the ingestive and the egestive motor programs, we stimulated two inputs to the buccal ganglia, the command-like neuron CBI-2 and the EN (Rosen et al., 1991; Jing et al., 2004 Jing et al., , 2007 Proekt et al., 2004 Proekt et al., , 2007 . Repetitive 30-s-ISI (see Materials and Methods) stimulation of CBI-2 promotes the generation of ingestive motor programs, whereas stimulation of EN promotes the generation of egestive motor programs. Notably, in semi-intact preparations, the two CPG inputs CBI-2 and EN, respectively, elicit ingestive and egestive behaviors (Chiel et al., 1988; Jing and Weiss, 2005; Zhurov et al., 2005) .
CBI-2 was stimulated for the duration of the protraction phase, i.e., we terminated the stimulation of CBI-2 once the protraction phase ended and the retraction phase initiated. Thus, the duration of CBI-2 stimulation was determined by the duration of the protraction phase rather than the duration of the protraction phase being determined by the duration of CBI-2 stimulation. To study the contribution of B64 to the termination of the protraction phase of CBI-2-elicited ingestive programs, we compared the protraction duration when the membrane potential of B64 was not manipulated with the protraction duration when B64 was hyperpolarized to prevent or delay B64 firing. B64 was hyperpolarized by injections of 10 nA DC currents. 30-s-ISI stimulation of CBI-2 was used. Figure 2 A illustrates the results of an individual experiment in which we studied the effects of B64 hyperpolarization on the duration of the protraction phase. In the left panel, B64 membrane potential was not manipulated. In the middle panel, B64 was hyperpolarized. In the right panel, B64 membrane potential was returned to its resting potential. When B64 was hyperpolarized, protraction duration was longer than it was without B64 hyperpolarization. In 21 preparations, compared with control conditions (before and after B64 hyperpolarization), B64 hyperpolarization increased the duration of the protraction phase by 63.71%. Overall, the mean protraction duration in programs elicited before B64 hyperpolarization was 21.33 Ϯ 1.97 s, in programs in which B64 was hyperpolarized, the protraction duration was 34.92 Ϯ 1.95 s, and in programs elicited after B64 hyperpolarization, the protraction duration was 21.51 Ϯ 2.32 s (Fig. 2 B) . Statistical analyses showed that there was a significant overall difference between the three conditions (F (2,40) ϭ 29.56; p Ͻ 0.0001; n ϭ 21).
Similar results were obtained in the preparations in which repetitive ingestive responses were elicited through a continuous stimulation of CBI-2 (Hurwitz et al., 2005) . Figure 2C illustrates the experiment in which bilateral hyperpolarization of B64 extended the duration of the protraction phase for the duration of hyperpolarization. Average protraction duration during B64 hyperpolarization (26.48 Ϯ 3.07 s) was significantly longer ( p Ͻ 0.05; t ϭ 4.30, paired t test; n ϭ 4) compared with controls (8.65 Ϯ 1.27 s). In addition, average cycle period during B64 hyperpolarization (42.78 Ϯ 9.30 s) was also significantly longer ( p Ͻ 0.05; t ϭ 3.29, paired t test; n ϭ 4) compared with controls (18.30 Ϯ 1.87 s). This also delayed the time at which subsequent programs were initiated. Notably, this shift persisted even after the activity of B64 was no longer manipulated. These results support the idea that B64 firing plays an important role in terminating the protraction phase of CBI-2-elicited ingestive motor programs and that it does so independent of whether single or repetitive motor programs are triggered.
We next studied the effects of B64 hyperpolarization on ENelicited egestive motor programs. Figure 3A illustrates the results of an experiment in which we examined the effects of B64 hyperpolarization on the duration of the protraction phase. In the left panel, B64 membrane potential was not manipulated. In the middle panel, B64 was hyperpolarized. In the right panel, B64 was returned to its resting membrane potential. Unlike in the case of CBI-2-elicited programs, B64 hyperpolarization did not extend the duration of the protraction phase in EN-elicited egestive programs. Overall, the mean protraction duration in programs elicited before B64 hyperpolarization was 11.97 Ϯ 1.10 s, in programs in which B64 was hyperpolarized, the protraction duration was 11.93 Ϯ 1.01 s, and in programs elicited after B64 was returned to its resting potential, the protraction duration was 12.12 Ϯ 0.97 s (n ϭ 9) (Fig. 3B ). Statistical analyses showed that there was no significant overall difference between the three conditions (F (2,16) ϭ 0.36; p ϭ 0.71). Similar results were obtained when repetitive egestive motor programs were elicited through a continuous stimulation of EN (n ϭ 6). Figure 3C illustrates the experiment in which EN elicited multiple-cycle motor programs and B64s were hyperpolarized for the duration of three cycles. Similar to what we observed when single programs were elicited, hyperpolarization of B64 did not affect the duration of the protraction phase (controls, 6.71 Ϯ 0.50 s vs B64 hyperpolarization, 6.95 Ϯ 0.49 s; p ϭ 0.61; t ϭ 0.56, paired t test). In addition, B64 hyperpolarization did not alter the cycle period of the motor programs (controls, 16.25 Ϯ 0.75 s vs B64 hyperpolarization, 16.47 Ϯ 0.35 s; p ϭ 0.79; t ϭ 0.28, paired t test).
We considered the possibility that B64 hyperpolarization might have been ineffective if B64 action potentials were generated distally from the soma and/or if generation of egestive programs was accompanied by a significant increase in conductance of the part of the axon that separates the soma from the spike initiation zone. This is unlikely to be the case because, even when the injected current was increased from 10 to 30 nA, protraction duration was not extended (data not shown). These experiments indicate that, although B64 is active in EN-elicited egestive programs, unlike in CBI-2-stimulation-elicited ingestive programs, B64 activity is not responsible for the termination of the protraction phase at the time at which it is normally terminated.
B64 early activation in ingestive versus egestive programs
The observation that B64 is active in both ingestive and egestive programs yet its hyperpolarization affects protraction duration in CBI-2 ingestive but not EN egestive motor programs raised the possibility that the inhibitory output of B64 may be selectively gated out in EN-stimulation-elicited egestive programs. Notably, precedents for such gating out exist in the feeding system of Aplysia (Weiss et al., 1986; Evans et al., 2003; Hurwitz et al., 2005) as well as in the crab (Bartos and Nusbaum, 1997 ). Thus, we tested the possibility that the output of B64 is functional in CBI-2-elicited ingestive programs but is gated out in ENelicited egestive programs.
In eight preparations, ingestive programs were elicited by 30-s-ISI CBI-2 stimulation. Injection of brief DC current pulses in the early part of the protraction phase was used to activate B64. The results of such an experiment are shown in Figure  4 A. In the left panel, the firing of B64 was not controlled, i.e., B64 was allowed to fire on its own, in the middle panel, B64 was fired prematurely via a brief DC current injection during the protraction phase, and in the right panel, the B64 was again allowed to fire on its own. The protraction phase was terminated immediately when B64 was fired prematurely and therefore the protraction phase was shortened. This was the case in all eight preparations in which we fired B64 early in the protraction phase. We also sought to determine whether, in repetitive motor programs elicited by a continuous stimulation of CBI-2, a premature firing of B64 could shorten the duration of the protraction phase. We found that this was indeed the case (n ϭ 6) (Fig. 4 B) . This shortening of the duration of protraction happened when either one (single asterisk) or both (two asterisks) B64s were fired prematurely (controls, 18.78 Ϯ 5.44 s vs B64 depolarization, 7.81 Ϯ 1.87 s; p Ͻ 0.05; t ϭ 3.02, paired t test). The shortening of the . A second ingestive motor program was elicited by CBI-2 in which both B64s were hyperpolarized (lines below the B64 traces) with 10 nA current (A2). A third ingestive program was elicited without B64 hyperpolarization (A3). Protraction duration was longer when B64 was hyperpolarized. The arrowheads below the bars denote the phase transition from protraction to retraction. B, Grouped data show that protraction duration was significantly longer after both B64s were hyperpolarized. Pre, The first ingestive program induced by CBI-2; HYP, a program induced by CBI-2 with hyperpolarization of both B64s; Post, a recovery program induced by CBI-2. Post hoc tests with Bonferroni's corrections, ***p Ͻ 0.001. Error bars indicate SEM. C, An example in which multiple cycles of ingestive motor programs were elicited through a continuous stimulation of CBI-2 illustrates similar extending effects of B64 hyperpolarization on protraction duration. This paradigm also demonstrates that cycle periods were extended when B64s were hyperpolarized. The gray bars at the bottom show predicted protraction and retraction had B64 not been hyperpolarized, illustrating the effects of B64 hyperpolarization on protraction duration and cycle periods. In this figure, and all subsequent figures in which CBI-2 stimulation was used to elicit motor programs, c-B64 refers to the B64 that is contralateral to the stimulated CBI-2. In cases in which EN was stimulated to elicit motor programs, c-B64 refers to B64 that was contralateral to the stimulated EN.
duration of the protraction phase also affected the timing of motor programs that were subsequently elicited without manipulating the B64 activity. The two rows of bars on the bottom of Figure 4 B illustrate this point. The top row of bars indicates the actual protraction and retraction phase of each motor program. The bottom row of bars indicates the predicted timing of protraction and retractions if the premature termination of the protraction phase had not been elicited via stimulation of B64. The arrows point out the shifts between the predicted and the actual onset of protractions. This effect is reflected as a shortening of cycle period (controls, 32.59 Ϯ 7.69 s vs B64 depolarization, 14.16 Ϯ 2.71 s; p Ͻ 0.05; t ϭ 3.54, paired t test). Thus, independent of whether single or repetitive motor programs are elicited via stimulation of CBI-2, premature firing of B64 shortens the duration of the protraction phase. These results are consistent with previous work on uncharacterized CBI-2-elicited motor programs (Hurwitz et al., 2005) .
We performed similar experiments in the EN-stimulation-elicited egestive programs. Figure 4C illustrates the results of the experiment in which single cycles of motor programs were elicited. In the left panel, firing of B64 was not controlled, in the middle panel, B64 was fired prematurely in the protraction phase, and in the right panel, the firing of B64 was not controlled. The duration of the protraction phase was shortened when B64 was fired prematurely. This was the case in all seven preparations in which we fired B64 early in the protraction phase. We also investigated the effects of premature firing of B64 on the duration of the protraction phase of repetitive egestive motor programs that were elicited by a continuous EN stimulation (Fig. 4 D) . In all six preparations in which we conducted this experiment, premature firing of B64 shortened the duration of the protraction phase (controls, 7.49 Ϯ 0.47 s vs B64 depolarization, 3.25 Ϯ 0.19 s; p Ͻ 0.001; t ϭ 8.30, paired t test). The B64-stimulation-elicited shortening of the protraction phase did not require a bilateral stimulation of B64. Stimulation of either of the two B64 was sufficient to terminate the protraction phase. This may explain (see below) why the protraction phase of motor programs is terminated even when the activity of only one B64 is initiated during protraction. Thus, independent of whether single or repetitive motor programs are elicited via stimulation of EN, premature firing of B64 shortens the duration of the protraction phase. Also, as was the case for the repetitive ingestive programs, premature firing of B64 advanced the onset of motor programs that were subsequently elicited, whereas the B64 activity was not manipulated (Fig. 4 , see the two rows of bars at the bottom of D and the explanation provided in the description of B). Again, this effect is reflected as a shortening of cycle period (controls, 18.11 Ϯ 0.91 s vs B64 depolarization, 11.30 Ϯ 0.82 s; p Ͻ 0.05; t ϭ 6.02, paired t test). The fact that B64 can prematurely terminate the protraction phase of both CBI-2-stimulation-elicited ingestive and EN-stimulation-elicited egestive programs indicates that the inhibitory output of B64 is not differentially gated in the ingestive versus egestive motor programs and therefore cannot account for the differential effects of B64 hyperpolarization experiments shown in Figures 2 and 3 .
Timing of B64 activity B64 was active in both ingestive and egestive motor programs, and differential gating of B64 did not appear to explain the differential effects of B64 hyperpolarization. Furthermore, hyperpolarization experiments (Figs. 2, 3) suggested the existence of other, B64-independent means of protraction termination. Therefore, we reasoned that, in EN-stimulation-elicited egestive programs, these B64-independent means of protraction termination may come into play before B64 begins to fire. If this were the case, B64 might be expected to begin to fire only after the protraction phase of the EN-elicited-egestive programs was already terminated. Because under these conditions the protraction phase would have already been terminated when B64 firing occurred, there would be no protraction phase to be terminated by B64 and therefore not only would B64 not act as a protraction Figure 3 . Bilateral hyperpolarization of B64 has no effect on protraction duration of EN-elicited egestive motor programs. A, Illustrative examples. A single cycle of an egestive motor program was elicited by stimulation of the EN (A1). A second egestive motor program was elicited by the EN in which B64 was bilaterally hyperpolarized (lines below the B64 traces) to prevent B64 from firing (A2). A third egestive program was elicited without B64 hyperpolarization (A3). The arrowheads below the bars denote the phase transition from protraction to retraction. B, Grouped data show that B64 hyperpolarization had no effect on protraction duration in egestive programs elicited by EN stimulation. Pre, The first egestive program induced by EN; HYP, a program induced by EN with hyperpolarization of both B64s; Post, a recovery program induced by EN. Error bars indicate SEM. C, An example in which multiple cycles of egestive motor programs were elicited through a continuous stimulation of EN illustrates similar noneffects of B64 hyperpolarization on protraction duration. This paradigm also demonstrates that cycle periods did not change when B64s were hyperpolarized.
terminator, but also B64 hyperpolarization would not be able to extend the duration of the protraction phase.
The activity of the two B64 neurons is not completely synchronous. This raises the possibility that the termination of the protraction phase depends on the average activity of the two B64s rather on a single B64. However, examination of numerous records (see Figs. 6 A1, A3, 7B1, 8B1, B3) showed that the firing of the leading B64 sufficed to terminate the protraction phase and that protraction commonly terminated after the onset firing of the leading B64 but before the onset firing of the second B64. This strongly suggests that the firing of the leading B64 may be sufficient to terminate the protraction phase (compare Fig. 4 ). Therefore, to quantify the temporal relationship between the onset of B64 firing and the termination of the protraction phase (end of spike activity in the I2 nerve), we defined B64 latency as the time that elapsed between the last spike recorded in the I2 nerve and the first action potential that was recorded in either of the two B64s. When the first B64 action potential occurred after the last spike in I2, the latency was defined as positive. When the first action potential in B64 occurred before the last spike in I2, B64 latency was defined as negative. Data for B64 latency were derived from experiments shown in Figures 2 and 3 . We analyzed 47 CBI-2-elicited ingestive motor programs from 18 preparations, and an example from a single preparation (Fig. 5A) shows that the initiation of B64 firing preceded the termination of the protraction phase. Grouped data show that the mean latency of B64 was negative (Ϫ54.00 Ϯ 13.31 ms). We also analyzed 50 egestive programs from 16 preparations in which egestive programs were elicited by EN stimulation. In contrast to the negative latencies recorded in CBI-2-stimulation-elicited ingestive programs, B64 latencies of EN-stimulation-elicited egestive programs were positive (126.70 Ϯ 14.10 ms). Figure 5B illustrates the firing of B64 in an egestive program. Overall, there was a significant difference ( p Ͻ 0.001) between the B64 latencies recorded in the two types of motor programs, with the mean latencies recorded in ingestive programs being negative (41 of the total of 47 programs) and the . Early activation of B64 prematurely terminates protraction and initiates retraction in both CBI-2-elicited ingestive and EN-elicited egestive programs. A, Firing one B64 prematurely terminates the protraction phase in CBI-2-elicited ingestive programs. A single cycle of an ingestive motor program was elicited by CBI-2 (A1). When a brief depolarizing current was injected into one B64 (*) seconds before retraction was expected to occur, the protraction phase was prematurely terminated and a full retraction phase was initiated (A2). Another ingestive program was elicited without current injection into B64 (A3), which had a similar protraction duration as that in A1. B, An example in which multiple cycles of ingestive motor programs were elicited through a continuous stimulation of CBI-2 illustrates similar shortening effects of B64 depolarization (*) on protraction duration. This paradigm also demonstrates that cycle periods were shortened when B64s were depolarized. C, Firing one B64 also prematurely terminates the protraction phase in EN-elicited egestive programs. A single cycle of an egestive motor program was elicited by stimulation of the EN (C1). When a depolarizing current was injected into one B64 (*) seconds before retraction was expected to occur, the protraction phase was prematurely terminated and a full retraction phase was initiated (C2). Another egestive program was elicited without current injection into B64 (C3). D, An example in which multiple cycles of egestive motor programs were elicited through a continuous stimulation of EN illustrates similar shortening effects of B64 depolarization (*) on protraction duration. This paradigm also demonstrates that cycle periods were shortened when B64 was depolarized. The gray bars at the bottom of B and D show predicted protraction and retraction had B64 not been depolarized, illustrating the effects of B64 depolarization on protraction duration and cycle periods.
mean latencies recorded in egestive programs being positive (48 of 50 programs).
Consistent with visual observations, we found no significant difference in the phasing of the sustained firing of neuron B64 in ingestive vs. egestive programs. Specifically, we sought to define the retraction-phase duration independently of B64 firing by measuring the time that elapsed between the last I2 spike and the last spike in the high-frequency burst in buccal nerve 2 (Morton and Chiel, 1993 ) (see Materials and Methods); therefore, we analyzed the data from preparations in which we recorded both the activity of BN2 and bilateral B64s (for examples, see Fig. 1 A) . We found that there was no significant difference ( p ϭ 0.91; t ϭ 0.11) between the fraction of retraction duration during which B64 fired in ingestive programs (84.43 Ϯ 2.54%) (n ϭ 4) verses that during egestive programs (84.79 Ϯ 1.98%) (n ϭ 7). Overall, the duration of B64 firing during retraction accounted for 100% of the total duration of B64 firing in egestive programs (n ϭ 7) and for 97.99% (n ϭ 4) of the total duration of B64 firing in ingestive programs. Thus, the major difference in terms of phasing of the sustained activity of B64 appears to be that B64 firing was initiated earlier in the ingestive programs than it was in the egestive programs.
Together, our data indicate that it is the timing of the onset of B64 firing that may play a major role in determining whether B64 acts as a protraction terminator. Not surprisingly, in terms of the ability of B64 firing to terminate the protraction phase, when B64 firing is initiated before the termination of protraction phase, B64 acts as the protraction terminator. When B64 firing is initiated after the protraction phase is terminated, the termination is accomplished by B64-independent means. These results suggest the existence of at least two means of protraction termination, the B64-dependent and the B64-independent means. These two means appear to be preferentially used in different types of motor programs.
B64 latency in hyperpolarization experiments
We further probed the contribution of B64-dependent and B64-independent means of protraction-phase termination by examining B64 latency in hyperpolarization experiments. The middle panel of Figure 2 A shows that, even when B64 is hyperpolarized, B64 breaks out of hyperpolarization and begins to fire at the end of the protraction phase. In principle, this delayed B64 firing, rather than some other B64-independent means, could potentially function to terminate the protraction phase albeit with a delay attributable to B64 hyperpolarization. If this were the case, we would expect that, even with B64 hyperpolarized, B64 latencies of CBI-2-elicited ingestive programs would remain negative. After we analyzed B64 latency data from experiments shown in Figure 2 A, we found that this was not the case. Under control conditions, i.e., before and after B64 hyperpolarization (Fig.  6 A1,A3 ), B64 fired with negative latencies relative to the termination of spike activity in the I2 nerve. However, the situation changed when B64 was hyperpolarized and the protractionphase termination was delayed. Under these conditions, B64 latency became positive (Fig. 6 A2) . The statistical analysis of the grouped data (n ϭ 21) (Fig. 6 B) revealed a significant overall difference between B64 latencies under the three conditions (F (2,50) ϭ 92.38; p Ͻ 0.0001). Importantly, B64 latencies measured during B64 hyperpolarization were positive. Apparently when B64 was hyperpolarized, it no longer acted as a protractionphase terminator and the protraction phase appeared to be terminated in a B64-independent manner. These results suggest that, in CBI-2-elicited ingestive programs, B64 may be necessary for the termination of the protraction phase under normal conditions, but that B64-independent means may be deployed to terminate the protraction phase when B64 is hyperpolarized.
B64 latency in different types of motor programs
In the above experiments, we characterized the contribution of B64 to protraction termination in the ingestive versus egestive motor programs. However, in these experiments, the two types of motor programs were elicited by different inputs, i.e., the ingestive programs were elicited by stimulation of CBI-2, whereas the egestive ones were elicited by stimulation of the esophageal nerve. This raised the question whether the positive versus negative latency of B64 firing was related to the nature of the elicited programs or to the specific input that was used to elicit the programs. To gain insight into this problem, we took advantage of the previous work that showed that, when infrequently stimulated (ISI Ͼ90 s, i.e., 120-s-ISI), CBI-2 predominantly elicits intermediate programs but in a smaller number of preparations can elicit either ingestive responses and in other preparations can elicit egestive responses (Fig. 1 A) Weiss, 2001, 2002; Morgan et al., 2002; Proekt et al., 2004) . With this 120-s-ISI stimulation paradigm, the programs tend to maintain stable characteristics and thus appear to reflect the resting steady state of the preparation. We reasoned that, if it is the CBI-2 input that determines the positive versus the negative latencies of B64 firing, then B64 latencies would be negative independent of whether the CBI-2-elicited program is ingestive, egestive, or intermediate. Alternatively, if it is the nature of the motor program, rather than the CBI-2 input, that determines whether B64 latencies are positive or negative, then in CBI-2-elicited ingestive programs, B64 latency should be negative, whereas in CBI-2-elicited egestive programs, the latency should be positive.
We analyzed 246 programs from 50 preparations. Programs were elicited using the 120-s-ISI CBI-2 stimulation (Fig. 7A ) (see Materials and Methods). Sixty-one of these programs were classified (see Materials and Methods) as ingestive, 113 as intermediate, and 72 as egestive. To illustrate the latencies of B64 firing, Figure 7B shows, with a faster time base, the transition period between the protraction and retraction phases of each of the programs shown in Figure 7A . We found that, in the programs classified as ingestive (Fig. 7A1) , 87.33% of B64 latencies were negative, and 12.67% were positive. In the programs classified as egestive (Fig. 7A4 ) , 86.74% of B64 latencies were positive, and 13.26% were negative. In programs classified as intermediate, 54.31% of B64 latencies were negative (Fig. 7A2) , and 46.69% Figure 5 . Different B64 latency in CBI-2-elicited ingestive programs versus EN-elicited egestive programs. A, B64 latency was negative in an ingestive program elicited by CBI-2 because B64 spiking was initiated before the last spike in I2 nerve. B, B64 latency was positive in an egestive program induced by EN stimulation because B64 spiking was initiated after the last spike in the I2 nerve. Vertical broken lines in this and subsequent figures denote the timing of the last spike in the I2 nerve, which was operationally defined as the end of protraction.
were positive (Fig. 7A3) . Overall, the mean B64 latency in ingestive programs was Ϫ58.95 Ϯ 6.03 ms, the mean latency of B64 in egestive programs was 169.20 Ϯ 14.12 ms, and the mean latency of intermediate programs was Ϫ6.39 Ϯ 9.12 ms (Fig. 7C) . This difference was statistically significant (F (2,250) ϭ 102.41; p Ͻ 0.0001). Together, comparisons of B64 latencies in CBI-2-elicited ingestive versus egestive programs suggest that the latency of B64 firing, and consequently the ability of B64 to act as a protraction terminator, may be more closely related to the nature of the motor program that the CPG generates than to the specific input that is used to elicit the motor program.
Although motor programs can be classified as ingestive, egestive, and intermediate, there appears to be a continuum of ingestiveness versus egestiveness, in which the ingestive programs are on the one end of the continuum and the egestive programs are at the other end. We explored the possibility that the relationship between the degree of ingestiveness/egestiveness and the latency of B64 firing may already be apparent when the program is classified as intermediate. We therefore classified intermediate programs as "more ingestive-like" when B8 mean firing rate was higher during retraction than during protraction, and "more egestive-like" when B8 mean firing rate was higher during protraction than during retraction. We found that, indeed, the latency of B64 was negative in the intermediate programs classified as more ingestive-like. In contrast, the latency of B64 was positive in intermediate programs classified as more egestive-like (Fig. 7D) . The difference was statistically significant ( p Ͻ 0.05). These results support the notion that the latency of the onset of B64 firing is related to the degree of ingestiveness versus egestiveness of the motor program even when, based on B8 activity, these programs are classified as intermediate.
B64 latency in intermediate programs
The observation that B64 latencies of intermediate programs could be either positive or negative suggests that the intermediate programs may not constitute a homogeneous group of programs and that the contribution of B64 to the termination of intermediate programs may be different in those intermediate programs in which the latency of B64 firing is positive than in those intermediate programs in which the latency of B64 firing is negative. Therefore, using the 120-s-ISI CBI-2 stimulation, we compared the effects of B64 hyperpolarization on protraction duration in preparations in which the B64 latencies were positive with those in which they were negative. Figure 8 A shows an example of such a hyperpolarization experiment from a preparation in which CBI-2 elicited intermediate programs and the B64 latency was negative. The middle panel (A2) shows the program that was elicited when B64 was hyperpolarized. The left (A1) and the right (A3) panels show the Figure 2 A shows B64 latency. A1, B64 latency was negative in an ingestive program elicited by CBI-2. A2, Bilateral hyperpolarization of B64s delayed onset of B64 firing relative to the last spike in the I2, and B64 latency now shifted to positive in a CBI-2-elicited ingestive motor program. A3, B64 latency was negative when B64s were not hyperpolarized in the ingestive program elicited by CBI-2. B, Grouped data show that there is a significant difference between B64 latency in control conditions (Pre, before B64 hyperpolarization; Post, after B64 hyperpolarization) and that during B64 hyperpolarization (HYP). Post hoc tests with Bonferroni's corrections, ***p Ͻ 0.001. Error bars indicate SEM. programs elicited, respectively, before and after but without the B64 hyperpolarization. In Figure 8 B, faster sweeps of parts of traces shown in Figure 8 A are plotted to illustrate the transition from the protraction to the retraction phase. Overall, the duration of the protraction phase was 26.57 Ϯ 2.74 s when B64 was hyperpolarized and 14.97 Ϯ 1.76 s before the hyperpolarization and 15.26 Ϯ 2.30 s after hyperpolarization (n ϭ 10) (Fig. 8C ). The overall difference was statistically significant (F (2,18) ϭ 10.12; p Ͻ 0.01). In addition, B64 latency (Fig. 8 D) showed significant differences in the three conditions: "Pre," "HYP," and "Post" (F (2,18) ϭ 39.95; p Ͻ 0.001). In other words, in these programs, the effect of B64 hyperpolarization on protraction duration and B64 latency was similar to that observed in CBI-2-elicited ingestive programs.
Figure 8 E shows an example of a B64 hyperpolarization experiment in a preparation in which stimulation of CBI-2 elicited intermediate programs and the B64 latency was positive. The middle panel (E2) shows the program that was elicited when B64 was hyperpolarized, and the left (E1) and right (E3) panels show the programs elicited before and after but without B64 hyperpolarization. In Figure 8 F, faster sweeps of parts of traces shown in Figure  8 E are plotted to illustrate the transition from the protraction to the retraction phase. On average, the duration of the protraction phase was 18.23 Ϯ 2.60 s when B64 was hyperpolarized and 18.08 Ϯ 2.64 s before hyperpolarization and 17.79 Ϯ 2.59 s after hyperpolarization (n ϭ 16) (Fig. 8G ). The overall difference was not statistically significant (F (2,30) ϭ 0.34; p ϭ 0.72). In addition, B64 latency (Fig. 8 H) remained positive in the three conditions ("Pre," "HYP," and "Post") and was more positive when B64s were hyperpolarized (F (2,30) ϭ 33.01; p Ͻ 0.001). Thus, in these programs, the effect of B64 hyperpolarization was similar to that observed in EN egestive programs in that the duration of the protraction phase was not extended.
To further probe the relationship of B64 latency versus the effects of B64 hyperpolarization, we plotted B64 latency against percentage change of protraction duration for all B64 hyperpolarization experiments (Fig. 9) . Consistent with the idea that it is the negative versus the positive timing of B64 latencies that determines whether B64 participates in the termination of the protraction phase of a program, we found that, for the negative latencies, the percentage change of protraction duration was greater than zero (one-sample t test, p Ͻ 0.0001; t ϭ 6.50; n ϭ 29), i.e., B64 hyperpolarization extended the duration of protraction. In contrast, for positive B64 latencies, the percentage change of protraction duration was not significantly different from zero (one-sample t test, p ϭ 0.57; t ϭ 0.57; n ϭ 27), i.e., B64 hyperpolarization had no effect on protraction duration. The A,E,Illustrativeexamples.A1,E1,AsinglecycleofaCBI-2-elicitedintermediatemotor program.A2,E2,BilateralhyperpolarizationofB64with10nAcurrent(linesbelowtheB64traces)prolongedprotractiondurationinaCBI-2-elicited intermediate motor program with negative B64 latency (A2) but had no effect on protraction duration in a CBI-2-elicited intermediate motor programwithpositiveB64latency(E2).A3,E3,AthirdintermediateprogramwithoutB64hyperpolarization.Thearrowheadsbelowthebarspoint tothephasetransitionfromprotractiontoretraction.B1-B3,F1-F3,ExpandedviewoftherecordsfromA1-A3andE1-E3,respectively(atthe placeswherearrowheadsarepointingto)showsB64latency.InB,B64latencywasnegative(B1),becamepositivewhenB64swerehyperpolarized (B2), and returned to negative without B64 hyperpolarization (B3). In F, B64 latency was positive (F1), became more positive when B64s were hyperpolarized(F2),andremainedpositivewithoutB64hyperpolarization(F3).C,D,G,H,Groupeddatashowprotractionduration(C,G)andB64 latency(D,H)whenbothB64swerehyperpolarized(HYP)comparedwiththoseincontrolconditions(Pre,beforeB64hyperpolarization;Post,after B64hyperpolarization)intheintermediateprograms.PosthoctestswithBonferroni'scorrections,**pϽ0.01;***pϽ0.001.ErrorbarindicateSEM. correlation coefficient (r 2 ) when B64 latencies were positive was 0.0009, and when B64 latencies were negative was 0.13. The near zero correlation coefficient when B64 latencies were positive is expected because B64 hyperpolarization had no significant effect on protraction duration. Conversely, the weak correlation when B64 latencies were negative is consistent with the idea that the B64-independent means of protraction termination may make an important contribution to protraction termination when B64 is hyperpolarized, and these B64-independent actions are not highly correlated with how negative B64 latencies are. Also, if one considers that, under control conditions, B64 latencies are on the order of tens of milliseconds, whereas hyperpolarizations of B64 extend the duration of protractions by Ͼ10 s, it is perhaps not surprising that, given the biological variability in the feeding system of Aplysia (Horn et al., 2004; Lum et al., 2005; Ye et al., 2006; Nargeot et al., 2007) , the correlation was weak.
Dynamic change of B64 latency during program buildup and biasing
The above data support the possibility that the latencies of B64 and the effects of B64 hyperpolarization are a reflection of the state of the network. If this is the case, it should be possible to experimentally change positive latencies into negative ones, and vice versa, by altering the state of the network. Previous work showed that previous history of network activity produces lasting changes in the state of the system (Proekt et al., , 2007 Brezina et al., 2005; Zhurov et al., 2005) . We used previously described experimental paradigms (Proekt et al., , 2007 to manipulate the state of the network and characterized the resulting changes in B64 latency.
In the first group of experiments (buildup), we used preparations in which initially 120-s-ISI CBI-2 stimulation generated intermediate motor programs that were characterized by positive B64 latencies. Then, 30-s-ISI CBI-2 stimulation was used until eight motor programs were elicited. Such a stimulation paradigm tends to make programs more ingestive. Figure 10 A shows that, as described previously (Proekt et al., , 2007 , this is indeed what happened because the first program of the eight programs was intermediate (Fig. 10 A1) , whereas the last program was ingestive (Fig. 10 A2) . The latency of B64 firing was positive in the first program (Fig. 10 B1) and became negative in the last program (Fig. 11 B2) . Grouped data (n ϭ 12) show that the mean B64 latency in the first cycle was positive (95.82 Ϯ 27.57 ms), whereas in the last cycle, the mean B64 latency was negative (Ϫ95.00 Ϯ 33.3 ms). This difference was statistically significant ( p Ͻ 0.01; t ϭ 4.40, paired t test).
In the second series of experiments (biasing), we used a 30-s-ISI CBI-2 stimulation paradigm to establish reliable ingestive programs (n ϭ 5). In these programs, B64 latency was negative and the programs were ingestive (Fig. 11 A1,C1) . We then suspended CBI-2 stimulation and replaced it with a 5 min EN stimulation that elicited egestive programs (data not shown). The stimulation was then switched back to CBI-2. As described previously (Proekt et al., , 2007 , the motor program elicited by the first CBI-2 stimulation immediately after EN stimulation was now egestive (Fig. 11 B1) . We found that this was accompanied by the switch in B64 latency from negative (Fig. 11C1) to positive (Fig. 11 D1) . On average, after EN stimulation, the mean B64 latencies were 55.75 Ϯ 29.54 ms, whereas they were Ϫ55.25 Ϯ 11.07 ms before EN stimulation (n ϭ 5) (Fig. 11 E1) . The difference between the before-EN and the after-EN stimulation was statistically significant ( p Ͻ 0.05; t ϭ 4.28, paired t test). In four of the five preparations in which we measured B64 latencies, we also examined the effects of B64 hyperpolarization on protrac- Figure 9 . Plot of B64 latency versus percentage change of protraction duration for all B64 hyperpolarization experiments. Percentage change of protraction duration is defined as the difference between protraction duration during B64 hyperpolarization and that during controls divided by protraction duration during controls and then multiplied by 100. A linear regression line is shown for data points when B64 latency is negative. The correlation coefficient is 0.13. Linear regression is also performed for data points when B64 latency is positive but is not shown because the slope of the line (Ϫ0.00004) is close to zero, and the line would primarily overlap with the x-axis. Figure 10 . Dynamic change of B64 latency during buildup of motor programs elicited by CBI-2. CBI-2 was stimulated to induce a series of eight single-cycle motor programs using the 30-s-ISI stimulation paradigm (interstimulation interval of 30 s), and motor programs became more ingestive as more programs were elicited. A, Illustrative examples from a single preparation. B1, B2, Expanded view of the records from A1 and A2, respectively (at the places where arrowheads are pointing to) shows B64 latency. A1, B1, The first motor program elicited by CBI-2 stimulation was intermediate (A1) and had a positive B64 latency (B1). A2, B2, The eighth motor program elicited by CBI-2 stimulation became ingestive (A2) and now had a negative B64 latency (B2). tion duration. Whereas before EN stimulation, B64 hyperpolarization prolonged the protraction duration of CBI-2-elicited ingestive motor programs (Fig. 11 , compare A1, A2), after EN stimulation, B64 hyperpolarization no longer affected the duration of protraction of the now egestive programs elicited by CBI-2 (Fig. 11, compare B1, B2) . Analysis of grouped data of protraction duration before EN stimulation showed significant differences between the three groups ("Pre," "HYP," and "Post") (F (2,6) ϭ 7.66; p Ͻ 0.05; n ϭ 4) (Fig. 11 E2, left) , whereas analysis of grouped data of protraction duration after EN stimulation showed no significant difference between the three groups (F (2,6) ϭ 0.23; p ϭ 0.80; n ϭ 4) (Fig. 11 E2, right) .
Discussion
Here, we demonstrate state-dependent changes in the functional role of interneuron B64 that maintains a similar pattern of sustained firing in different types of motor programs and is involved in phase transitions. This is in contrast to numerous studies in other systems in which network elements changed their function as a result of radical changes of the temporal phasing of their sustained activity. Because of such changes in phasing, neurons jumped between or fused networks that control distinct peripheral structures (Getting and Dekin, 1985; Hooper and Moulins, 1989; Dickinson et al., 1990; Meyrand et al., 1991; Weimann and Marder, 1994; Popescu and Frost, 2002; Jing and Gillette, 2003) .
Even when the same peripheral structure is involved, a CPG element may change its function without a major change of the temporal characteristics of its sustained firing. Specifically, this happened when the network state changed attributable to alterations in contextual stimuli, e.g., the presence of peptides (Saideman et al., 2006; Thirumalai et al., 2006) . These peptides changed the network speed without altering the type of motor program generated by the CPG. In contrast, here we show that alterations of the activity-dependent network states, which change the type of motor program, can also alter the function of B64 that implements phase transitions of motor programs. Network states induced by modification of contextual stimuli and network states that are activity dependent are fundamentally different in that the former states are directly controlled by the current stimulus conditions, whereas the latter states depend on the memory of the history of network activity and are expressed even when the stimulus conditions of the network remain constant. Most significantly, we showed that changes of activity-dependent network states critically modify B64 spike-onset timing, thus leading to alterations in its function. In this context, it is worth noting that precise spike timing may be of critical importance for the expression of more complex forms of learning and memory (Robbe et al., 2006) . A more complete picture of the role of spike timing in various forms of learning and memory will emerge as more examples are being studied in the future. Figure 11 . Dynamic change of B64 latency during biasing of CBI-2-elicited motor programs by EN stimulation. A, B, Illustrative examples from a single preparation. C1, C2, D1, D2, Expanded view of the records from A1, A2 and B1, B2, respectively (at the places where arrowheads are pointing to), shows B64 latency. Eight cycles of motor programs were elicited by CBI-2 stimulation using the 30-s-ISI stimulation paradigm, and the eighth cycle, which is shown in A1 and C1, became ingestive (A1) and B64 latency was negative (C1). In four of five preparations, one of which is illustrated here, a ninth program was elicited while bilateral B64s were hyperpolarized to verify that protraction duration can be lengthened (A2) and B64 latency became positive (C2). Subsequently, CBI-2 stimulation was suspended and EN was continuously stimulated for 5 min to elicit 8 -10 cycles of egestive motor programs (data not shown). Immediately after EN stimulation, CBI-2 stimulation (30-s-ISI stimulation paradigm) resumed, and the first cycle of the motor program, which is shown in B1 and D1, became egestive (B1) and B64 latency became positive (D1). Again, in four of five preparations, one of which is illustrated here, a second program was elicited while bilateral B64s were hyperpolarized to show that protraction duration did not change (B2) and B64 latency was more positive (D2). E1, Grouped data show that B64 latency was significantly different in CBI-2-elicited motor programs obtained before EN stimulation (see C1) versus that obtained after EN stimulation (see D1). *p Ͻ 0.05. E2, Grouped data show that protraction duration in CBI-2-elicited motor programs can be significantly lengthened by bilateral B64 hyperpolarization before EN stimulation (compare A1 with A2), whereas B64 hyperpolarization no longer had an effect on protraction duration after EN stimulation (compare B1 with B2). Post hoc tests with Bonferroni's corrections, *p Ͻ 0.05. Error bars indicate SEM. Pre, The first program induced by CBI-2; HYP, a program induced by CBI-2 with hyperpolarization of both B64s; Post, a recovery program induced by CBI-2.
ing on the role of timing mechanisms may add a novel perspective to the current thinking in the field of motor control.
